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| INTRODUC TI ON
Obesity is an excessive accumulation of fat in the body and is associated with many serious health problems. Recent studies have reported that obesity increases the risk of developing various cancers. [1] [2] [3] In particular, global epidemiological evidence suggests that the increased incidence of colorectal cancer (CRC) is strongly associated with excessive intake of a high-fat diet, lack of physical activity, and obesity. [4] [5] [6] [7] Obesity is strongly associated with adenoma, a precancerous condition 8 , and a meta-analysis showed that obese people had a 25% higher risk of colorectal adenoma formation compared to non-obese people. Thus, CRC can be considered to represent an obesity-associated form of cancer.
However, the biological mechanisms of obesity-induced disease remain to be elucidated, which is critical for establishing effective preventive methods.
Experimental studies have also indicated an association between obesity and CRC tumorigenesis. In particular, chronic inflammation and cytokine secretion have been drawing attention as potential mechanisms of obesity-related tumorigenesis. The adipose tissue is considered to serve as a natural reservoir of macrophages and inflammatory cytokines, which suggests that obese people could be constantly exposed to chronic inflammation. 9 Leptin is an adipocytokine secreted from adipocytes that is known to act on the satiety center to inhibit food intake and enhance energy expenditure. 10 Interleukin (IL)-6 is another cytokine associated with obesity and carcinogenesis. 11 The serum IL-6 concentration was shown to be increased in obese individuals and in those with various types of cancers. 12 Moreover, IL-6 can trigger cell proliferation through phosphorylation of STAT3. Interleukin-6 knockout significantly suppressed the carcinogenesis of an obesity-related hepatocellular carcinoma mouse model. [12] [13] [14] Based on these results, inflammatory cytokines appear to be a likely candidate for determining the molecular mechanism linking obesity and colorectal carcinogenesis.
Previous studies addressing obesity-related colorectal tumorigenesis focused on the function of several cytokines, including IL-6
and tumor necrosis factor-α. 15, 16 However, these previous studies provided information on the role of individual cytokines of interest, and identification of the dominant cytokines involved in CRC tumorigenesis and their dynamic effects on carcinogenesis under obese conditions remain to be elucidated. A high-throughput screening analysis of related cytokines and subsequent mechanistic analysis are needed to address this problem. To date, there has not been a comprehensive analysis for cytokine interactions in the context of obesity and colorectal tumorigenesis. Therefore, the objectives of this study were to identify causal cytokines involved in obesity-related colorectal tumorigenesis using cytokine array analyses, and to clarify the role of identified cytokines in tumorigenesis and cell proliferation.
Toward this end, we used a mouse model of CRC induced by azoxymethane (AOM) in WT and obese diabetic KK and KK-Ay mice. KK mice are type 2 diabetes mellitus model mice that possess intact leptin and leptin receptor. 17 The KK-Ay mice were established by cross-mating KK mice with C57BL/6J-Ay mice, 18 which carry the Agouti yellow (Ay) gene, and are characterized by severe hyperphagia, polydipsia, impaired glucose tolerance, hyperinsulinemia, and hyperlipidemia.
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C57BL/6J mice are generally used as the nonobese, nondiabetic controls for KK mice. [20] [21] [22] Importantly, obese KK-Ay mice were shown to be highly susceptible to induction of colorectal premalignant lesions, known as aberrant crypt foci (ACF), and the development of CRC following AOM treatment. 23 Thus, we compared these 3 mouse strains, KK-Ay, KK, and C57BL/6J, with the aim of identifying the molecules and functions involved in the induction of obesity-associated cancer.
| MATERIAL S AND ME THODS

| Animals and AOM-induced colorectal tumor development
Female 5-week-old C57BL, KK, and KK-Ay mice were purchased from Clea Japan (Tokyo, Japan). Three to 4 mice were housed per plastic cage with sterilized softwood chips and fed a CE-2 basal diet (Clea Japan). All procedures were approved by the Institutional Animal
Care and Use Committee of Keio University (Tokyo, Japan) in accordance with the guide for the care and use of laboratory animals. Each mouse was treated with 200 μg AOM (Wako Pure Chemical Industries, Tokyo, Japan) once per week for 6 weeks, beginning at 6 weeks of age.
Negative control mice were given saline commensurately.
To count the number of ACF, half of the mice were killed at 12 weeks of age. The colon was opened longitudinally and fixed flat between sheets of filter paper in 10% buffered formalin for more than 24 hours. These sections were stained with 0.2% methylene blue and the mucosal surface was assessed for ACF using a stereoscopic microscope, as previously described. 24 Similarly, the remaining mice were killed at 26 weeks old to assess the number and size of colon tumors formed. Colon tumors and nontumorous tissue were fixed in 10% buffered formalin and embedded in paraffin blocks for histopathological evaluation. Blood samples from the abdominal aorta were also collected.
| Multiplex cytokine assay
The concentrations of obesity-related cytokines and chemokines were measured from the plasma of the killed mice using a Bio- 
| Immunohistochemistry
For histopathological analysis, the entire colon was fixed in 4% paraformaldehyde followed by 70% ethanol, and then embedded in paraffin. Immunohistochemistry (IHC) was carried out to evaluate the proliferation of colon epithelial cells using the following Abs against: Ki-67 (ab16667, 1:1000 dilution; Abcam, Tokyo, Japan), p53 (ab31333, 1:100; Abcam), and BrdU (ab125306, 1:100; Abcam).
The length of villi was measured from the base of the crypts to the top of the villi to evaluate proliferation, as previously reported. 
| Quantitative PCR
Total RNA was extracted from the colons of 26-week-old mice using Table S1 .
| MTT reduction assay
The human CRC cell line HT-29 was obtained from ATCC (Manassas, VA, USA) and maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in the presence of 5% CO 2 in air at 37°C. Interleukin-13 was purchased from Cell Signaling Technology (Beverly, MA, USA) and dissolved in DMEM. After incubation, the cells were harvested to analyze proliferation. Cell proliferation was determined using the MTT assay method. 26 Briefly, HT-29 cells
(1 × 10 4 cells/well) were seeded into 96-well plates and incubated for 24 hours at 37°C in a 5% CO 2 incubator. Growth rates were assessed according to the doses of IL-13 after 24 hours and 48 hours treatment using the MTT assay.
| Small interfering RNA transfection
To assess the influence of IL-13 receptor expression on cell proliferation, HT-29 cells were transfected with siRNA against IL-13Rα1, IL-13Rα2, and a negative control (SI00446964, SI00013426, and SI03104066, respectively; Qiagen) at 10 nmol/L using a HiPerFect transfection reagent (Qiagen) according to the manufacturer's instructions. To minimize off-target effects, gene knockdown experiments on the 2 target genes, IL-13R1 and IL-13R2, were carried out using 3 corresponding siRNA oligonucleotides. Through this series of experiments, the most prominent siRNA oligonucleotide was selected and used for knockdown of each target gene. After transfection, cell proliferation following loading with IL-13 was evaluated using the MTT assay as described above.
| Western blot analysis
Total cell lysates were extracted as previously described using a lysis buffer (#9803; Cell Signaling Technology). 27 Following electrophoresis, the membrane with separated proteins was blocked with PBS containing 5% skimmed milk powder for 2 hours at room temperature, and then incubated at 4°C overnight with anti-human 
| Organoid culture
Human colonic tissues were obtained with written informed consent after approval by the ethical committee of Keio University School of Medicine. The organoids were established and maintained as previously described. 28, 29 Human normal colon organoids were seeded on a 48-well plate and cultured with medium containing a gradient concentration of IL-13 (0-100 ng/mL) for 7 days after a single cell passage. Images of each well were captured over time and organoid areas were measured using image analysis software. 
| Statistical analyses
| RE SULTS
| Increased number of ACF and colorectal tumors in obese mice
Body weight data are presented in Figure 1A . All mice developed ACF in the colon and rectum after 4 weeks of AOM treatment ( Figure 1B ).
As shown in Table 1 Thus, evident tumorigenesis was observed in obese mice.
| Increased mucosal and cellular proliferation in obese mice
As higher tumorigenesis in obese mice is based on abnormal mucosal proliferation, this was compared between WT and KK-Ay mice (Figure 2 ). Given the increased body size of KK-Ay mice, the length of the colon is also increased in these mice, thus the colon crypts were significantly longer in KK-Ay mice with AOM treatment compared with WT mice at 26 weeks. These results suggest opposing effects of an increase in cell proliferation at the bottom of the crypt and a decrease in apoptosis at the top of the crypt, respectively. However, there was no significant differences in p53 expression and TUNEL positivity between groups. Cellular proliferation was assessed by IHC analysis using Ki-67 and BrdU. Significant increases in Ki67
and BrdU labeling were detected in KK-Ay mice compared with WT counterparts. Most of the proliferating cells were observed at the bottom of the crypts.
| Serum inflammatory cytokines and chemokines
To evaluate the relationship between obesity-related systemic inflammation and tumorigenesis, serum inflammatory cytokines were quantified and visually expressed using a heat map ( Figure 3A ). The levels of the cytokines and chemokines IL-1α, IL-6, IL-10, IL-13, eotaxin, and macrophage inflammatory protein (MIP)-1α gradually increased with increased body weight. Conversely, IL-2 and glucagon 
| Expression of IL-13 receptor in colon
The expression of 2 subtypes of IL-13 receptor (IL-13Rα1 and IL-13Rα2) was determined by RT-PCR and IHC ( Figure 4A 
| Interleukin-13 promotes CRC cell proliferation through IL-13Rα1
To examine the proliferative effect of IL-13, we used HT-29, which has high expression of both types of IL-13 receptors among several IL-13 receptor-expressing cell lines ( Figure 5A ). After treatment with IL-13, tumor proliferation was significantly induced in a dosedependence manner ( Figure 5B ). Although this proliferative effect was strongly suppressed after knockdown of IL-13Rα1, it was not observed after knockdown of IL13-Rα2. These findings suggested that the signal transduction through IL-13Rα1 enhanced colonic mucosal proliferation. Previous studies reported that phosphorylation of STAT6 (pSTAT6) was key in the signaling pathway induced by IL-13Rα1. 33 Consistently, western blot analysis showed STAT6 was immediately phosphorylated after treatment with IL-13 ( Figure 5C ), whereas STAT6 was not phosphorylated by treatment with IL-13 after knockdown of IL-13Rα1. However, these findings were not observed after knockdown of IL-13Rα2 ( Figure 5D ). These results suggested that STAT6 phosphorylation was associated with colonic mucosal proliferation and tumor development.
| Morphological capacity changes induced by colonic IL-13 in organoid culture
Finally, we used an organoid culture to estimate the impact of IL-13 on normal mucosal epithelial cells in the colon. We observed morphological capacity changes in colon organoids following IL-13 treatment ( Figure 6A ). Accordingly, we assessed the change in morphology after IL-13 was added to the organoid culture by measuring the organoid area. The organoid area increased with time in a concentration-dependent manner after IL-13 exposure ( Figure 6B ).
| D ISCUSS I ON
To our knowledge, this is the first study describing IL-13 as a potential factor involved in the development of obesity-related CRC.
Colorectal premalignant lesions and colorectal tumors were observed more frequently in obese mice than in normal mice, and an Macrophage inflammatory protein-1 also enhances the accumulation of fibroblasts. 35 These results indicate that the development of obesity-induced gastrointestinal carcinogenesis is associated with altered immune homeostasis.
A higher serum IL-13 concentration and higher expression of IL-13R in the mucosal colonic epithelium were observed in obese mice. Our experiments using cancer cell lines and colonic organoid culture further showed that treatment with IL-13 enhanced Interleukin-13 regulates normal physiological processes, including inflammation and tissue reconstruction. 33, 34 Interleukin-13 has also been closely linked with asthma and induces mucosal cell proliferation in the airway epithelium in asthmatic pathophysiology. 33 Furthermore, elevated levels of IL-13 have been detected in several cancers, suggesting that this cytokine could stimulate the proliferation of malignant cells in an autocrine fashion. 37, 38 This IL-13-mediated proliferative effect on the gastrointestinal epithelium was first examined in this study and could be a key part of the mechanism of obesity-related CRC.
Interleukin-13R comprises IL-13Rα1 and IL-13Rα2, which are structurally and functionally different receptors. The structure of IL-13Rα1 is highly similar to that of the IL-4 receptor (IL-4R). An important question relating to the link between obesity and colorectal tumorigenesis is the potential effect of interventions directed against metabolic syndrome. A calorie-restricted diet significantly decreased the risk of AOM-induced colon cancer in a mouse model. 43 Furthermore, mice with diet-induced obesity displayed a specific increase in intestinal stem cells, which showed hyperproliferation. 44 A multicenter randomized control trial reported that an oral antidiabetic drug, metformin, reduced the prevalence and number of metachronous adenomas or polyps after polypectomy. 45 Although the serum levels of several cytokines were reported to be affected by these interventions, 43 the involvement of IL-13 has not been described to date. Thus, it will be interesting to investigate a potential role for IL-13 in the prevention of colorectal tumorigenesis and to ascertain the potential therapeutic targets of IL-13 and IL-13R.
This study has several limitations. First, the interaction between other obesity-related cytokines and IL-13 was not evaluated. Considering the complex cytokine network in obese subjects, it is difficult to fully understand the interactions of a complex cytokine network on colorectal carcinogenesis. Future epidemiologic studies could provide some important information on cytokine network dynamics in obese subjects. Second, the influence of obesity on other types of gastrointestinal cancers remains unclear, because there was no occurrence of other gastrointestinal cancers under IL-13 treatment. Finally, although we described a proliferative effect of IL-13 on CRC cells, our results require validation in animal models.
In conclusion, the present results provide new insight into the mechanism of carcinogenesis in obesity-related CRC. Obese mice, which had more colorectal premalignant lesions and colorectal tumors, displayed an increased IL-13 concentration in the blood. 
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